The responsible gene for hypomyelinating quaking deficiency, qkI, encoding a KH RNA binding protein, is expressed abundantly in the developing mouse nervous system, whereas who/how/struthio, a homologue of the qkI in Drosophila, is expressed predominantly in the mesoderm. Here we describe the isolation and early developmental expression of a zebrafish homologue of qkI. The zebrafish quaking cDNA, zqk, exhibits striking conservation with qkI across the coding region, accompanied by a unique 123 nucleotide insertion sequence. Maternal and zygotic zqk transcripts are ubiquitously distributed during cleavage and blastula periods, and then accumulate in the dorsal midline of the body trunk during gastrulation. During segmentation and pharyngula periods zqk transcripts are expressed in the neural tissue of the head region, and in the paraxial mesoderm of the body trunk. Subsequently they diminish until the hatching period, when they are expressed only in the cardiac sac and pectoral finbuds. We also found that the zqk transcript is alternatively spliced with the transcript containing a 123 nucleotide additional segment localized in neural tissue in the head region, but not in the paraxial mesoderm in the body trunk. The data suggest that the quaking gene family originated in the mesoderm and evolved to become expressed in the nervous system in lower vertebrates. The insertion of the 123 nucleotide sequence could be related to the acquisition of a neural function for the gene.
Quaking is an autosomal recessive mutation in mice which results in hypomyelination (Sidman et al., 1964) and sterility of homozygous males (Bennett et al., 1971) . A candidate gene, qkI, responsible for this phenotype, encodes a protein homologous to a subset of KH RNA binding domain containing proteins (Cruz-Alvarez and Pellicer, 1987; Wong et al., 1992; Jones and Schedl, 1995; Ebersole et al., 1996) . qkI is expressed in the embryonic neural tube and heart, and in the adult brain, lung, heart and testis . Of interest is that, who/how/struthio, the putative qkI homologue of Drosophila, is not expressed in the nervous system, but is expressed predominantly in the mesoderm, and plays a role in the regulation of muscle function and adhesion (Baehrecke, 1997; Lo and Frasch, 1997; Zaffran et al., 1997) . As all vertebrates including fish and mammals, but not invertebrates, have developed the myelin sheath, we thought it would be interesting to investigate if and how the quaking gene is expressed in fish.
Prompted by the question of when in the course of evolution the quaking gene began to be expressed in the nervous system, we cloned a homologue of qkI from a zebrafish embryonic cDNA library, using as a probe mouse qkI Mechanisms of Development 69 (1997) 209-213 0925-4773/97/$17.00 © 1997 Elsevier Science Ireland Ltd. All rights reserved PII S0925-4773(97)00164-0 cDNA. A zebrafish cDNA, zqk, was found to encode a protein of 383 amino acids, which showed striking overall conservation with the mouse qkI-5 sequence . In addition, we found a unique 123 nucleotide insertion (zebrafish specific domain, ZD). The position of the insertion corresponded to the splicing site of the three alternative C-terminal tails of qkI .
Whole mount in situ hybridization of zebrafish embryos showed that, first being transcribed maternally, ubiquitous zqk mRNA in the blastula gradually became restricted to the dorsal mesoderm during gastrulation (Fig. 1A) . During somitogenesis, the head portion of the neural keel and putative neural crest cells expressed zqk mRNA (Fig. 1Ba,b) . By contrast, neural tissue of the body trunk did not express zqk mRNA, but tailbud and paraxial mesoderm, such as somites and adaxial cells, did (Fig. 1Bc-j) . This mesodermal expression pattern was similar to but distinct from that of snail1 in that snail1 mRNA was not detected in the anterior quarter of each somite, adaxial cells that were adjacent to formed somites, or the rostral edge of the tailbud lacked snail1 expression (Fig. 1Be ,g,i) (Hammerschmidt and Nüsslein-Volhard, 1993; Thisse et al., 1993) , while zqk mRNA was expressed in these regions. In pharyngula period, zqk mRNA was expressed in the neural tube in the head region, including the eye primordium (Fig. 1Cc) . In the body trunk, zqk mRNA was detected in somites and pectoral finbuds, clearly keeping away from the spinal cord and notochord (Fig. 1Ca,b) . In the hatched larva, zqk mRNA was only expressed in the cardiac sac and the pectoral fins (Fig. 1D ).
The cells in the maternal and mesodermal expression territory of zqk in zebrafish embryo showed a similar fate to who/how/struthio expressing cells in Drosophila such as muscle cell precursors and heart muscle (Baehrecke, 1997; Lo and Frasch, 1997; Zaffran et al., 1997) . Moreover, embryonic mouse heart expresses qkI , suggesting that qkI, zqk, and who/how/struthio exert a conserved function, at least partially, in mesoderm and muscle.
The neural transcription of zqk seems to be partially comparable to the qkI expression pattern in embryonic mouse. qkI is expressed in the nascent brain and neural tube of mouse embryos . It is possible that zqk and qkI may exert common functions in the nervous system both in zebrafish and mouse. One of these common functions could be related to myelination, because, unlike invertebrates, zebrafish and mice both have compact myelin and quaking mutant in mice affects myelinating cells. However, the expression of zqk dropped to low level in the brains of hatching period fish when the differentiation of myelin forming cells is just taking place (Fig. 1D) , while QKI is abundant in myelinating cells of the central and peripheral nervous system of postnatal mouse (Hardy et al., 1996) . More extensive study is required to investigate if zqk proteins are re-expressed in myelin forming cells in the nervous system of zebrafish at a later stage.
Recently, a Xenopus homologue of qkI was also reported to be expressed both in neural tissue and mesoderm (Zorn and Krieg, 1997) , showing a similar but not identical expression pattern to that of zqk. Xqua is not transcribed maternally while zqk is. The neural tissue in the body trunk and notochord are reported to express Xqua, although zqk was not abundant in these tissues.
To investigate if ZD is alternatively spliced in the zebrafish embryo, a pair of primers on both sides of ZD were employed to perform RT-PCR. The resultant two bands were consistent with the expected sizes of the fragments from two isoforms with and without ZD (Fig. 2A) . The data suggested that developing zebrafish embryo could process both the isoforms.
The whole mount in situ hybridization using a probe that specifically hybridizes ZD demonstrated that the mRNA containing ZD was predominantly expressed in neural keel of the head region but not expressed in neural crest cells or mesoderm of the trunk (Fig. 2B) . Thus a tissue specific alternative splicing may result in the processing of brain specific isoform of zqk, implying a possible acquisition of its new function. However, because the shorter isoform that lacks ZD could also be expressed in nervous system, it is not clear whether ZD itself would exert nervous system specific function.
In zebrafish, ZD is expressed in neural tissue, but in Drosophila, who/how/struthio, the homologue of qkI, is not expressed in neural tissue. It is possible that ZD evolved de novo in fish after the divergence of vertebrates and invertebrates, and was subsequently lost from the mammalian lineage.
In conclusion, the developmental expression pattern of zqk in mesoderm and neural tissue suggest that the quaking gene originated in mesoderm and evolved to be expressed in developing neural tissue after vertebrate was divided from invertebrate. Processing of the transcripts, such as the alternative splicing of ZD, could be employed to acquire new functions of the gene.
Maintenance of fish
Zebrafish embryos were obtained from spontaneous spawning. Adults were raised on a 14:10 h light-dark cycle at 28.5°C. Embryos of the desired stages were dechorionated with watchmaker's forceps and fixed with 4% paraformaldehyde in phosphate buffered saline. Staging of the embryos was based on morphological criteria, following the classification of Kimmel et al. (1995) .
Isolation of cDNA clone
A zebrafish 20 h embryo cDNA library in lgt10, which was provided by H. Okamoto, was screened with a 32 Plabeled, randomly primed probe derived from a mouse qkI cDNA clone (provided by K. Artzt). Among 43 positive clones, four independent clones were assumed to encode the same transcript by restriction analysis. Both strands of the 1.8 kb zqk cDNA were sequenced. Sequencing was performed with the ABI computerized automated DNA sequencing (Applied Biosystems).
Whole mount in situ hybridizations
To investigate the overall expression of zqk, an RNA 5′ to the KH region of zqk was used as probe for routine in situ hybridization To investigate specific expression of a transcript encoding the 123 nucleotide insertion sequence (ZD), an oligo-DNA 5′-TTGCGGGACACCAAAGGGTGAAG-TGCCAAG within ZD was used as a probe for splicing specific in situ hybridization. snail1 probe was in vitro transcribed from snail1 cDNA (provided by C. Thisse). Control experiments were performed by using sense probes. The distribution of transcripts was determined as described in Schulte-Merker et al. (1992) .
Reverse transcription-polymerase chain reaction
Total RNAs were isolated from zebrafish embryos, which were 28 h after fertilization, with acidified guanidium thiocyanate-phenol-chloroform (Chomczynski and Sacchi, 1987) . For reverse transcription, total RNA was primed by oligo(dT) (Promega), incubated (40°C for 60 min) with MuMLV reverse transcriptase (Beohringer-Mannheim), and then incubated at 99°C for 1 min for inactivation of reverse transcriptase. The first strand of cDNA was used for the PCR amplification. The PCR amplification was performed for 30 cycles according to the following schedule: 94°C for 1 min, 55°C for 2 min, and 72°C for 0.5 min. The upstream primer (5′-TGCTGGAATACCCCATCGAG) was designed to anneal 36 to 16 nucleotides upstream from the putative splicing site, and the downstream primer (5′-CGTCCACCAGGCTAGCAAAA) was to anneal the 5′-UTR sequence which is 85 to 104 nucleotides downstream from the translation termination codon. The expected length of the amplified fragment, which encompass ZD was 355 bp (Fig. 2Aa, arrows) . PCR products were analyzed with 4% agarose gel electrophoresis.
